Silicon samples with and without implanted layers have been imaged with a standard time-domain terahertz ͑THz͒ imaging system. The carrier concentration and mobility of the substrate have been extracted from the frequency dependence of the THz transmittance using a simple model based on the Drude approximation. The carrier concentration of implanted layers could be determined simply from the relative amplitude of the main THz pluse with a spatial resolution of Ϸ1 mm. Both substrates and thin layers of a semiconductor were characterized with the same THz system.
I. INTRODUCTION
Silicon is one of the technologically most important materials today. It is also one of the most cleanly produced materials, and consequently the characterization of silicon is an essential part of the silicon production process securing the quality of a delicate product. With the plasma frequency of silicon in the terahertz ͑THz͒ range, THz radiation is efficient for optically determining the electrical properties of silicon and other semiconductors. [1] [2] [3] [4] [5] [6] [7] [8] THz-frequency beams can be used in combination with a scanning technique to provide information on the spatial distribution of sample properties [9] [10] [11] with a resolution of Ϸ1 mm. THz imaging may among other prospective applications serve as a convenient tool for the fast, nondestructive, noncontact and spatially resolved characterization of silicon and other semiconductors.
The use of THz imaging for the characterization of semiconductor layers was first demonstrated by Mittleman et al. 11, 12 They used a specialized THz imaging setup with a magnetic field and a double detector system that makes use of the rotation of the polarization plane of THz radiation due to the ''terahertz Hall effect'' in order to determine the carrier concentration and mobility of a thin n-doped GaAs layer. This technique can determine the carrier concentration and mobility of a thin layer in good accuracy, but it needs a high layer mobility and can be expected to have problems with Si, where the mobility is roughly a factor of ten lower than in n-GaAs and can drop by another factor of ten for strongly doped layers.
In this paper, we propose the spatially resolved characterization of semiconductors, specifically Si, with a standard THz imaging setup both for homogeneous wafers as well as thin layers. Since homogeneous Si wafers have already been extensively studied with THz radiation 1-3, 6 -8 though not yet spatially resolved, we will present only one example for the characterization of bulk Si with our imaging setup and then concentrate on the characterization of thin Si layers.
II. EXPERIMENT
The setup is a pump-and-probe setup based on a modelocked Ti:sapphire laser and LT-GaAs dipole antennas as THz emitter and receiver at a center frequency of 0.45 THz. The sample is moved with a step-motor system in two directions vertical to the beam. At each of these steps, the transmitted electric field is being detected while a delay stage is being moved, a time-domain wave form is recorded in this way. The setup is described in more detail in Ref. 13 .
The samples discussed here are n-type and p-type specimen cut from 380-m-thick Si wafers. Three n-type samples with 4.5 ⍀ cm resistivity were doped on half of one surface by implanting B ions at a dosage of 5ϫ10 13 , 5ϫ10 14 , or 5 ϫ10 15 cm Ϫ2 , respectively, and subsequent annealing, resulting in p-type layers. The layer thickness was determined for one of the samples with a spreading-resistance profile measurement to 0.55 m half-width. The imaging measurements were made in air.
III. THEORY
For characterizing the data obtained at any point of the sample, we followed an approach by van Exter 1 based on the dielectric function describing plasma oscillations in Drude approximation. In this model, the frequency-dependent dielectric function is given by
where ñ ϭnϩik is the complex refractive index, p the plasma frequency with p 2 ϭNe 2 /m*⑀ 0 ⑀ ϱ , ϭm*/e the relaxation or scattering time, ⑀ ͑or ⑀ ϱ ͒ the dielectric function ͑at ''infinite'' frequency, respectively͒, and N, , m*, e, and ⑀ 0 are the carrier concentration, mobility, effective mass, electron charge, and vacuum permittivity, respectively. For a given set of (N,) the complex refractive index can be obtained from Eq. ͑1͒ and the transmittance then calculated taking into account reflection at the interfaces and absorption in the bulk of the samples. While van Exter could model the sample with a single-layer model, 1 we have to use a double layer model and take into account the implanted layer. The transmission coefficient then becomes
where ñ s , ñ l , d s , and d l are the complex refractive index and thickness of the substrate ͑index s͒ or the implanted layer ͑index l͒, respectively. The first term on the right-hand side of Eq. ͑2͒ is an interface term describing transmission losses from reflections at the sample surfaces and the substrate-layer interface. The numerator of the second term is a bulk term. It describes the time delay and absorption in the bulk of the substrate and the implanted layer. The terms ␣ 1 , ␣ 2 , and ␣ 3 in the denominator take account of multiple reflections between the various pairs of interfaces. They can be set to zero or otherwise adapted if the measurement is not sensitive to multiple reflections or only to a limited number of them. Figure 1͑a͒ shows a THz image of the sample with 5 ϫ10
IV. RESULTS
15 cm Ϫ2 implanted ions, where the maximum THz signal of the pulse at any sample position is transformed into a brightness level. The sample covers the left-hand 80% of the image area, while the right-hand side is left open and the THz beam here serves as reference beam for calculating transmittance spectra. The left-hand part of the image shows two regions, the lower of which corresponds to the unimplanted part of the sample where the THz signal is roughly 50% of the reference. The upper, dark region displays low transmittance through the strongly doped layer. In Fig. 1͑b͒ the THz wave forms in the three regions are plotted. The graph displays clearly the different amplitudes and in addition confirms the time delay caused by the substrate. It amounts to 2.99 ps, which corresponds to a bulk refractive index of 3.36, almost 2% lower than the value of 3.418 for undoped Si 3 and thus in excellent agreement with the value of 3.362 according to Drude theory for a 4.5 ⍀ cm sample. Figure 1͑c͒ shows the maximum signal of the THz wave form depending on the sample position along the line a -b in Fig. 1͑a͒ . The transition from a high to a low intensity level is clearly observed. However, there are an intensity maximum and a minimum close to the border between the two regions. Another strong minimum can be observed at the edge of the sample in Fig. 1͑a͒ . We believe that this effect is caused by refraction and interference. With THz waves just as with visible light, structures with sharp boundaries can cause intensity patterns. 13 The substrates and the implanted layers were characterized in two separate steps. For investigating the substrates, we Fourier transformed the measured wave forms and calculated the relative transmission coefficient using an undoped sample as reference. These spectra were then compared to spectra calculated according to Eq. ͑2͒ where ñ l was set to ñ s ͑so that the equation reduces to the transmission coefficient of a single layer of combined thickness d s ϩd l ͒, and ñ s was calculated from Eq. ͑1͒ using N and as fit parameters. We used a best square fit for the region from 0.20 to 0.95 THz excluding the vicinity of the two strong water vapor absorption lines at 557 and 752 GHz. A corresponding spectrum and its best fit are shown in Fig. 2 . Our results for carrier concentration and mobility typically agree within 30% with the data supplied by the manufacturers. van Exter et al. report similar agreements between their measurements and manufacturer data. For a thin implanted layer and allowing for corrections of second order in , the absolute value of the transmission coefficient is only a function of the product of the carrier concentration and mobility of the layer, N l and l , not a function of those two quantities separately. Correspondingly, it is difficult to obtain both carrier concentration and mobility of the implanted layers in the same way as described previously for the substrates. On the other hand, this opens up a much simpler and faster measurement scheme that eliminates the need for scanning the delay line because the pulse maximum is always at the same position on the time axis. First, the time delay caused by a thin layer is small, in the abovementioned approximation ⌬tϭϪ ͑10-20 fs for strongly doped layers͒. Second, if multiple reflections within the substrate are excluded, the relative transmission coefficient
is frequency-independent to within 1% between 100 GHz and 1 THz. ͓Here t sl is the transmission coefficient for the substrate plus layer as in Eq. ͑2͒, while t s is the transmission coefficient for the substrate only, derived from Eq. ͑2͒ as described previously.͔ This frequency-independence secures that the pulse shape does not change significantly. Consequently the relative transmission coefficient simply equals the amplitude relation of the main pulse, r t ϭA sl /A s . This amplitude relation does not include multiple reflections within the substrate since the reflected pulses are well separated in time from the main pulse. Thus, when calculating r t , the terms ␣ 1 and ␣ 3 in Eq. ͑2͒, must be set to zero. For any value of N l , the product N l l can be calculated assuming (N) as tabulated by Jacoboni, 14 and r t can then be calculated from Eqs. ͑3͒, ͑2͒, and ͑1͒. This function r t (N l ) can be tabulated and the reverse function be used in order to determine N l from the measured amplitude of the transmitted pulse during data acquisition in real time. The relation r t turns out to depend only weakly on the substrate properties, so that it is possible to determine the layer properties even without knowing the substrate properties precisely. There is no need to record a spectrum for this measurement, and once the position of the pulse maximum on the time axis is known, the delay stage need not be moved, reducing the amount of data and the time for a measurement by a factor 10-100.
Since the measurement is performed in the pulse maximum, it is not sensitive to any of the small phase shifts that can arise from the doped layer. Variations in substrate thickness however can cause larger phase shifts. With our samples the substrate thickness was uniform to within 1 m, so that we could keep the delay stage at constant position. But a local variation in thickness of 5 m can cause a time delay of 50 fs and a signal reduction of 1% ͑for radiation with 450 GHz center frequency͒, which can be higher than the noise level. If the substrate thickness is not known to be constant within these limits, it can be checked by recording wave forms in the four corners of the sample. If the sample is flat but wedge-shaped, the position of the pulse maximum on the time axis at any position of the sample can be interpolated from the wave-form measurements in the corners, and the sample can still profit from the fast recording mode even if the thickness across the sample varies by more than 5 m.
The result of this evaluation is shown in Fig. 3 for three samples with 4.5 ⍀ cm n-doped substrates and various p-doped implanted layers on half of a surface. The color here corresponds to the carrier concentration in the implanted layer. The sheet carrier concentrations in the layers determined with this technique amount to 5. 
V. DISCUSSION AND OUTLOOK
In cases where the tabulated function (N) cannot be trusted because, for example, the sample was not properly annealed, there may be two possibilities to extend the measurement scheme and determine N and separately. First, N and may be obtained from the transmittance by extending the frequency scale beyond 3 THz. Alternatively, even for frequencies below 1 THz, the time delay of the THz pulse depends strongly on the layer mobility. Unfortunately this time delay is very small. A thin-layer model predicts that the time delay of a layer equals the relaxation time of its carriers, roughly 10 fs for a strongly p-doped Si sample. Our preliminary measurements so far confirm this order of magnitude FIG. 3 . ͑Color͒ THz images of three n-type Si samples the lower parts of which have been ion-implanted with B. Implantation dosages vary from left to right: 5ϫ10 13 , 5ϫ10 14 , and 5ϫ10 15 cm Ϫ2 . The image size is 8 mmϫ8 mm each.
and also confirm the expected variation of the time delay with doping concentrations. We are presently testing the achievable level of accuracy. The technique has been demonstrated in the previous section to permit the characterization of Si layers with a sheet carrier concentration ranging from 5ϫ10 13 to 5 ϫ10 15 cm Ϫ2 . The weakly doped sample can be considered at the limit of what can be measured without additional averaging, an error of 1% in the amplitude measurement here results in 15% error in the product N. This error goes down to 1% for higher doping rates. Although transmittance drops when the doping increases, this technique should be suitable for layers even with the highest doping rates possible in Si.
It has been shown in this article and in the literature 1,2 that the determination of N and in Si substrates ͑wafers with a typical thickness of 0.3-0.4 mm͒ is feasible for p-and n-type Si within Nϭ4ϫ10 14 to 2ϫ10 16 cm Ϫ3 with an estimated accuracy of 5% in p and .
2, 8 Samples considerably outside this range are too transparent or too opaque to be measured in the same way unless the frequency scale is extended considerably. In many cases, however, this problem may be overcome by choosing a suitable sample thickness.
The spatial resolution of this technique is currently determined by the diameter of the focus which can be adjusted to Ϸ1 mm, but it may be greatly improved in the future. Near-field techniques have recently been used with terahertz imaging and increased the resolution to 50 m. 
